Introduction
============

Stroke is a neural degenerative disease with high rates of mortality and disability, which is characterized by ischemic-hypoxic (IH) injury in neurons ([@b1-ijmm-40-06-1699]). Strokes are classified as ischemic and hemorrhagic, with \~80% of cases being ischemic ([@b2-ijmm-40-06-1699]). Ischemic stroke is induced by a sudden reduction of blood circulation, resulting in the cutoff of oxygen to the brain and corresponding loss of neurological function. Ischemic stroke can lead to permanent and transient IH injuries, depending on crucial artery reperfusion within a limited period of time, with permanent IH dominant in clinic cases. The pathological processes of IH injury include hypoxia response, postischemic inflammatory response, cell apoptosis and peri-infarct depolarization ([@b3-ijmm-40-06-1699]--[@b5-ijmm-40-06-1699]).

Although stroke has attracted widespread attention clinically, effectiveness of treatment is finite, as the mechanism underlying IH injury remains to be fully elucidated. Previous studies have revealed that autophagy is important in inflammation, nutrient deprivation and the processes of IH. For example, studies have indicated that autophagy is involved in IH injury affecting neuronal survival following chronic and moderate hypoxia ([@b6-ijmm-40-06-1699]). However, considering the existence of cell death during autophagic processes, how autophagy mediates neuronal survival following IH injury remains a topic of debate, particularly in permanent IH injury ([@b7-ijmm-40-06-1699]--[@b11-ijmm-40-06-1699]). Autophagy involves a cascade of morphological and chemical processes, with the involvement of several apoptotic proteins and signaling transduction pathways, including Beclin 1 and autophagy-related (Atg) proteins, and the Notch pathway. Previous studies have shown that the Wnt signaling pathway is also involved in autophagy ([@b12-ijmm-40-06-1699]--[@b15-ijmm-40-06-1699]), despite the Wnt signaling pathway being involved primarily in the regulation of cell proliferation and differentiation during development ([@b16-ijmm-40-06-1699],[@b17-ijmm-40-06-1699]). In addition, previous studies have shown that the Wnt signaling pathway is likely to be important in the pathogenesis of neurodegenerative diseases, including IH, as cytokines in the Wnt pathway can improve the microenvironment of neuronal repair following post-ischemic injury ([@b18-ijmm-40-06-1699]). However, how the Wnt signaling pathway regulates autophagy in permanent neuronal IH injury remains to be fully elucidated, particularly the role of autophagic flux in regulation.

In the present study, PC12 cells were used to establish an oxygen-glucose deprivation (OGD) model to imitate permanent IH injury. Following the induction of autophagy in the IH model, the expression levels of hypoxia-inducible factor-α (HIF-α), a key regulator in hypoxia, and cyclooxygenase 2 (COX2), an inflammatory indicator, were investigated. The apoptotic rates of cells and levels of lactate dehydrogenase (LDH) were also analyzed ([@b19-ijmm-40-06-1699]), and the role of autophagy during IH injury and the regulatory mechanism of the Wnt pathway in autophagy were discussed. The data may provide novel insight for treatment strategies following stroke.

Materials and methods
=====================

Cell culture and the model of OGD
---------------------------------

### Cell culture

As a neuronal alternative, PC12 cells, obtained from the Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China) were used in the present study as a neuronal model. Following thawing, the PC12 cells on collagen-coated glass were cultured in normal medium containing Dulbecco\'s modified Eagle\'s medium (cat. no. 12800-017; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 5% fetal bovine serum (FBS; Zhejiang Tiangeng Biotechnology, Zhejiang, China), 5% heat-inactivated horse serum (cat. no. 26050070; Thermo Fisher Scientific, Inc.), 50 U/ml penicillin and 50 *µ*g/ml streptomycin. The cells were cultured at 37°C with 5% CO~2~ for 2 days, following which the cells were harvested in the log phase with neuron-like morphology and at 70--80% cell confluence.

### OGD treatment

Initially, Biocoat plates were precoated with poly-D-lysine (BD Biosciences, Bedford, MA, USA), and the PC12 cells were plated at the density of 1×10^4^ cells/well in the 24-well culture plate. The PC12 cells were grown for 12 h in normal medium (DMEM with 5% heated horse serum and 5% FBS) at 37°C with 5% CO~2~. For OGD treatment, the cells were rinsed twice in DMEM without glucose (cat. no. 11966-025; Thermo Fisher Scientific, Inc.), following which they were transferred into modular incubator chambers (Billups-Rothenberg, Del Mar, CA, USA) with OGD medium (glucose-free DMEM with 2% horse serum and 1% FBS). The chambers were perfused with 95% N~2~ and 5% CO~2~ for 30 min and 3 l/min speed at room temperature. Finally, the chambers were sealed and cultured at 37°C for designated durations (0.5, 1, 6, 12 and 24 h), respectively.

### Cell grouping

In order to understand the effect of time on IH injury and autophagy, the cells were divided into a control group, in which cells were cultured in normal medium under normoxia, and OGD groups, in which cells were cultured in OGD medium for 0.5 h (OGD+0.5 h), 2 h (OGD+2 h), 6 h (OGD+6 h), 12 h (OGD+12 h) and 24 h (OGD+24 h). The 0.5, 2 and 6 h time-points represented the condition of transient IH, whereas the 12 and 24 h time-points represented permanent IH. In the present study, autophagy was examined at the various time-points under OGD conditions and following chemical intervention ([@b20-ijmm-40-06-1699]), including exposure to rapamycin (RAP; autophagy agonist), 3-methyladenine (3-MA; autophagy antagonist) and MHY1485 (MHY; lysosome antagonist). In these intervention groups, the cells were first cultured in normal medium containing the respective intervention agents at 37°C for 2 h, followed by continuous culture under OGD conditions for 6 h. The intervention agents and their doses were as follows: 10 *µ*M rapamycin (RAP+OGD), 10 mM 3-MA (3-MA+OGD) and 2 *µ*M MHY (MHY+OGD).

Assays for neuronal injury
--------------------------

### 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

The cells were seeded at a density of 1×l0^4^ cells/ml in 96-well culture plates. After 24 h, the cells were treated with the OGD treatment. Control wells consisted of cells incubated with medium only. Following the different durations of treatment, the cells were incubated with 20 *µ*l MTT (5 mg/ml; Sigma; Merck Millipore, Darmstadt, Germany). After 4 h at 37°C, the supernatant was removed and 150 *µ*l dimethyl sulfoxide (DMSO) was added. The blue crystals were dissolved in DMSO and the optical density (OD) was detected at a wave-length of 570 nm using a 96-well multiscanner autoreader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The following formula was used: Cell proliferation inhibition (%) = \[1 − (OD of experimental sample/OD of control)\] × 100.

### LDH analysis for necrosis

The cells were seeded at 1×10^6^ cells in 6-well Biocoat plates. As necrotic cells can release LDH, the quantity of LDH can be used to evaluate the condition of cell death. Following the collection of culture medium and centrifugation at the speed in 250 × g for 10min at 4°C, the supernatant was obtained. Using the LDH assay kit (Sigma; Merck Millipore), the supernatant was incubated with 100 *µ*l substrate buffer/well for 30 min at 37°C. Following centrifugation at the speed in 250 × g for 10 min at room temperature, cellular debris was removed, and LDH was assessed at 490 nm excitation. The LDH value was calculated according to the following formula: LDH = (sample OD value − control OD value)/(standard OD value − blank control OD) × standard substance concentration × 1,000 U/l. The percentage LDH was calculated to reflect the condition of cell death. The percentage LDH was calculated as: sample LDH value/control LDH value.

### Western blot analysis

The proteins were extracted from the PC12 cells using RIPA buffer, containing 20 mmol/l Tris-HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/LEDTA, 1% Triton X-100 (cat. no. T0694; Sangon Biotech Co., Ltd., Beijing, China) and 1 mmol/l PMSF. Protein concentrations were determined by a reducing agent-compatible BCA assays kit (Pierce, Nepean, ON, Canada). The proteins (30 *µ*g) were separated on 10 or 15% sodium dodecyl sulfate-polyacryl-amide gel electrophoresis (SDS-PAGE) gels and transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Following blocking with 5% skim milk in Tris-buffered saline, the membrane was incubated with primary antibodies at 4°C overnight. The following primary antibodies were used: Rabbit polyclonal anti-microtubule-associated protein 1A/1B-light chain 3 (MAP1LC3A; 1:1,500; cat. no. ab52768), mouse monoclonal anti-HIF-α (1:1,500, cat. no. ab16066) (both from Abcam, Cambridge, UK), mouse monoclonal anti protein-COX2 (1:1,000; cat. no. sc166475), goat polyclonal anti-Beclin 1 (1:1,000; cat. no. sc10086) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), mouse monoclonal anti-sequestosome (SQSTM1/p62; 1:1,000; cat. no. ab56416), rabbit polyclonal anti-Wnt1 (1:1,000; cat. no. ab15251), rabbit polyclonal anti-Wnt3a (1:1,500; cat. no. ab19925), rabbit polyclonal anti-β-catenin (1:1,000; cat. no. ab6302) (all from Abcam), mouse polyclonal anti-dishevelled segment polarity protein 2 (Dvl2; 1:800; cat. no. 12037-1-AP; ProteinTech Group, Inc., Chicago, IL, USA), mouse mono-clonal anti-cyclin D1 (A-12; 1:1,000; cat. no. sc8396; Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-C-myc (1:800; cat. no. 10828-1-AP; ProteinTech Group, Inc.). Following washing, secondary antibodies conjugated with horseradish peroxidase were added. Anti-rabbit (1:4,000; cat. no. ab6721), anti-mouse (1:4,000; cat. no. ab6728) or anti-goat IgGs (1:4,000; cat. no. ab6741) (all from Abcam) were used for 1 h at room temperature. Visualization of the immunoreactive bands was visualized with an enhanced chemoluminescence detection kit (Amersham; GE Healthcare Life Sciences, Piscataway, NJ, USA). β-actin (1:6,000; cat. no. a2228; Sigma-Aldrich; Merck Millipore) was used as an internal reference, and quantification of the intensities (target protein/β-actin) of the immunoreactive bands was performed using ImageJ 10.0 software (National Institutes of Health, Bethesda, MA, USA).

### Immunocytochemistry

The cells were fixed with 4% paraformaldehyde in phosphate buffer, and rinsed with 0.01 M phosphate buffer, following which nonspecific antigens were blocked with 10% normal goat serum with 0.3% Triton X-100 and 1% BSA in 0.01 M phosphate buffer for 30 min at room temperature. The cells were incubated with primary antibodies at 4°C overnight. Following rinsing with phosphate-buffered saline (PBS) three times, each time for 10 min, the cells were incubated with secondary antibodies for 3 h at room temperature. The primary antibodies were as follows: Rabbit anti-microtubule-associated LC3 (1:200; cat. no. sc28266; Santa Cruz Biotechnology, Inc.) polyclonal antibody, mouse anti-HIF-α (1:200; cat. no. ab16066; Abcam) monoclonal antibody, and mouse anti-COX2 (1:200; cat. no. sc166475; Santa Cruz Biotechnology, Inc.) monoclonal antibody. The secondary antibodies used were Alexa Fluor 488-conjugated anti-rabbit IgG (1:600; cat. no. a11034; Invitrogen; Thermo Fisher Scientific, Inc.) and Alexa Fluor 568-conjugated anti-mouse IgG (1:300; cat. no. a10037; Invitrogen; Thermo Fisher Scientific, Inc.). The cells were coverslipped with 65% glycerol in 0.01 M phosphate buffer with DAPI (1:2,000) for counter-staining. Finally, images of the cells were captured with an epifluorescence microscope (BX61; Olympus Corp., Tokyo, Japan) under rhodamine, fluorescein isothiocyanate or ultraviolet excitation. Images of high quality sections were captured under a laser confocal microscope (FV1000; Olympus Corp.).

### Measurements and statistical tests

In order to understand the levels of cell apoptosis and cell death, the levels of LDH and the apoptotic rates of the cells were quantified: i) Autophagic rate (%) = LC3-positive apoptotic cells/total cells; ii) levels of LDH were determined to evaluate the presence of necrosis as LDH (%) = sample LDH value/control LDH value; iii) using immunochemistry, fluorescent intensity was used for measuring expression levels of proteins, including COX2 and HIF-α, as fluorescent intensity = Σ positive cells IOD/Σ cells.

### Statistical analysis

All data were analyzed in a double-blinded manner. Data are shown as the mean ± standard deviation. Comparisons were made among various groups using one-way analysis of variance and were analyzed using the SPSS statistical package (SPSS 13.0; IBM SPSS, Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

OGD and autophagic flux
-----------------------

In the present study, PC12 cell autophagy and autophagic flux were investigated following OGD treatment. LC3 was used to label the autophagosome in autophagic cells. In the control group, it was difficult to identify LC3-positive puncta in the PC12 cells ([Fig. 1A](#f1-ijmm-40-06-1699){ref-type="fig"}), however, in OGD groups between 0.5 and 24 h, dense LC3-positive puncta were found in the cytoplasm surrounding the nucleus. The expression levels of proteins LC3-II, LC3-I, Beclin 1 and p62, which reflect autophagic flux, were examined using western blot analysis ([Fig. 1B--F](#f1-ijmm-40-06-1699){ref-type="fig"}). In the presence of autophagy, LC3-I in the cytoplasm is converted to LC3-II, which moves to the membrane of autophagosomes ([@b21-ijmm-40-06-1699]) ([Fig. 1B](#f1-ijmm-40-06-1699){ref-type="fig"}). In the present study, the levels of LC3-II/I in the OGD groups were significantly increased in a dose-dependent manner (P\<0.05), compared with those in the control group ([Fig. 1B and D](#f1-ijmm-40-06-1699){ref-type="fig"}). The protein expression levels of p62 and Beclin 1 were also examined by western blot analysis. Compared with the control, the expression of p62 was decreased, however, the expression of Beclin 1 was increased and showed a similar trend in expression with LC3 in the OGD groups, with time-dependency ([Fig. 1B, C, E and F](#f1-ijmm-40-06-1699){ref-type="fig"}).

Autophagic intervention and function during IH
----------------------------------------------

Using western blot analysis and immunochemistry, the present study revealed that the activation of autophagy was controlled under an autophagic flux during IH. Subsequent investigations were performed to examine the neural protective role of autophagy during IH. This was examined using an agonist and antagonist of autophagy, RAP and 3-MA, respectively, which were added to the OGD group (OGD+6 h). The neural protection of autophagy was evaluated through the expression levels of inflammatory and stress response factors, HIF-α and COX2. As OGD treatment for 6 h is considered the beginning of chronic IH injury, it shows marked injury. Therefore, in the present study, OGD for 6 h was used for the intervention experiment to observe autophagy. In the RAP+OGD group ([Fig. 2A](#f2-ijmm-40-06-1699){ref-type="fig"}), autophagy was enhanced, with numerous LC3-II-positive puncta, which represented autophagosomes appearing in the cell soma, and the expression levels of HIF-α and COX2 were decreased ([Fig. 2](#f2-ijmm-40-06-1699){ref-type="fig"}). In contrast to the RAP+OGD group, autophagy in the 3-MA+OGD group was significantly inhibited, with an increase in the expression levels of HIF-α and COX2 ([Fig. 2](#f2-ijmm-40-06-1699){ref-type="fig"}). The results of the western blot analysis confirmed the results obtained from the immunochemistry experiments ([Fig. 3A--D](#f3-ijmm-40-06-1699){ref-type="fig"}).

Lysosomes are important in autophagy, as the protein complexes and organelles in autophagosomes can be degraded by lysosomes ([@b22-ijmm-40-06-1699]). Accordingly, the lysosomal inhibitor MHY was used as an intervention for autophagy in the OGD group in the present study. Following MHY intervention, the autophagy in the PC12 cells was inhibited ([Figs. 2](#f2-ijmm-40-06-1699){ref-type="fig"} and [3A--D](#f3-ijmm-40-06-1699){ref-type="fig"}), suggesting that lysosomal suppression alleviated IH injury. The results of the LDH assay also showed that LDH release was increased in the 3-MA+OGD group and decreased in the RAP+OGD group, compared with the OGD group with statistical significance ([Fig. 3E](#f3-ijmm-40-06-1699){ref-type="fig"}). Cell viability was decreased in the 3-MA+OGD group and increased in the RAP+OGD group, compared with the OGD group with statistical significance ([Fig. 3F](#f3-ijmm-40-06-1699){ref-type="fig"}).

Wnt signaling pathway and autophagy following IH
------------------------------------------------

The Wnt pathway comprises canonical and noncanonical pathways. The present study further examined whether the canonical Wnt pathway was involved in IH-induced neuronal injury. The serial key proteins of the Wnt pathway, Wnt1, Wnt3a, Dvl2, β-catenin, C-myc and cyclin D1, were selected as targets for investigation using western blot analysis. Compared with the control, the expression levels of Wnt proteins in the PC12 cells were significantly activated during IH, for example, expression of Wnt1 was increased in the OGD groups at 12 h ([Fig. 4A and B](#f4-ijmm-40-06-1699){ref-type="fig"}), whereas the expression of Wnt3a was elevated in the OGD groups at 6 h ([Fig. 4A and C](#f4-ijmm-40-06-1699){ref-type="fig"}). However, the expression levels of downstream proteins of the Wnt pathway, including β-catenin and Dvl2, were initially increased compared with those in the control, and then showed a decreasing trend with prolonging of OGD time ([Fig. 4D and E](#f4-ijmm-40-06-1699){ref-type="fig"}). Similar results were observed in the expression levels of C-myc and cyclin D1 (target protein) ([Fig. 4F and G](#f4-ijmm-40-06-1699){ref-type="fig"}). This suggested that the expression of downstream proteins in the Wnt pathway was negatively correlated with the activation of autophagy ([Fig. 4A, D and E](#f4-ijmm-40-06-1699){ref-type="fig"}). As shown in [Fig. 5](#f5-ijmm-40-06-1699){ref-type="fig"}, the increases in the expression levels of Wnt1 and Wnt3a were parallel with the activation of autophagy ([Fig. 5A--C](#f5-ijmm-40-06-1699){ref-type="fig"}), and the statistical data confirmed the observations in the downstream proteins (P\<0.05) ([Fig. 5D and E](#f5-ijmm-40-06-1699){ref-type="fig"}). The results indicated that the upstream proteins (Wnt1 and Wnt3a) were upregulated by the activation of autophagy in the IH process, whereas down-stream proteins (Dvl2, β-catenin, C-myc and cyclin D1) were downregulated by the activation of autophagy.

Discussion
==========

Stroke is a common disease for which there is a lack of effective therapy ([@b23-ijmm-40-06-1699]--[@b26-ijmm-40-06-1699]). Detailed investigations have focused on this complex disease and advances have been made in the field. However, the mechanism remains to be fully elucidated, particularly the functions of autophagy during stroke ([@b2-ijmm-40-06-1699],[@b27-ijmm-40-06-1699]). Therefore, it is important to understand the mechanism and to develop novel treatments for stroke. In the present study, autophagy with respect to the Wnt signaling pathway in IH injury was investigated, in order to produce data to provide novel insight for stroke treatment.

Activation of autophagy with upregulation of autophagic flux in IH injury. The process of autophagy involves a series of autophagic membranous structures developing and evolving. LC3 is an essential protein in the autopahgic process, which is involved in the generation of autophagic vacuoles. Therefore, in investigations of autophagy, LC3 is considered a marker of autophagosomes ([@b25-ijmm-40-06-1699]). Cells contain two types of LC3, which are 18 kDa LC3-I and16 kDa LC3-II. The expression of LC3-II and ratio of LC3-II/LC3-I are positively associated with the number of autophagsomes and autophagic activity ([@b21-ijmm-40-06-1699]). Therefore, detecting the expression of LC3-I and LC3-II using LC3 immunofluorescence combined with western blot analysis enables assessment of the activation of autophagy. Beclin l is the homologue of yeasty Atg6 in mammals, in the Golgi apparatus, which is a specific autophagic protein. There is substantial evidence that Beclin 1 is involved not only in the formation of autophagosomes, but also in regulating the activity of autophagy ([@b28-ijmm-40-06-1699],[@b29-ijmm-40-06-1699]). When autophagy is activated, the expression of Beclin 1 is upregulated ([@b30-ijmm-40-06-1699]). p62 is the bridge between LC3 and ubiquitination substrate; autophagic vacuoles engulfing ubiquitination substrate require the assistance of p62 binding to the target proteins, forming polymer ubiquitinated proteins, which are engulfed by autophagosomes and then combine with lysosomes for degradation. Therefore, p62 is considered a marker of autophagic degradation. Under normal conditions, the levels of p62 increase when autophagy is inhibited, whereas levels decrease when autophagy is upregulated ([@b31-ijmm-40-06-1699]--[@b37-ijmm-40-06-1699]). In present study, the results of the immunofluorescence evaluation of LC3 revealed that the dispersed LC3-positive green dots gradually became aggregations of numerous green dots in the OGD groups. It is generally recognized that LC3-positive dots are diffuse in the cytoplasm when autophagy is inactive and are in an aggregated state with the activation of autophagy. The results of the present study indicated that autophagy was upregulated in OGD-induced permanent IH injury. In addition, the results of the western blot analysis confirmed that the expression of LC3-II was enhanced as OGD time extended, and the expression of Beclin 1 was similar to that of LC3. Therefore, the results indicated that autophagy was activated in OGD-induced permanent IH injury.

Following the activation of autophagy, autophagosomes gradually increase, however, evaluating whether the autophagosomes can be degraded successfully or not requires evaluation of a parameter, which can reflect the whole process of autophagy. Autophagic flux is considered the most reliable and widely recognized parameter reflecting the process of autophagy ([@b9-ijmm-40-06-1699]). Evaluating autophagic flux involves two aspects: Following the activation of autophagy, whether mature autophagosomes increase gradually or whether autophagosomes can combine with lysosomes and be degraded, resulting in a decrease in p62. In the present study, the results revealed that the ratio of LC3-II/I increased continuously, indicating that mature autophagosomes were increased with the activation of autophagy, and that autophagic flux was likely upregulated. The expression of p62 was negatively associated with increased OGD duration, which indicated that p62 was increasingly degraded and that autophagic flux was upregulated. Using lysosomal inhibitors to assess the LC3B-II/I ratio is considered the gold standard parameter to evaluate autophagic flux ([@b38-ijmm-40-06-1699]). The results of the present study showed that the ratio of LC3-II/I was markedly increased under OGD-induced permanent IH injury following use of the lysosomal inhibitor MHY1485. This indicated that autophagic flux was upregulated. Taken together, the results indicated that autophagy was activated and autophagic flux was upregulated in OGD-induced permanent IH injury.

Autophagy has a neuroprotective effect in IH injury. Whether IH induced-autophagy has a neuroprotective effect or induces injury is debated ([@b39-ijmm-40-06-1699]). Certain studies have revealed that autophagy is harmful during the neural IH process ([@b8-ijmm-40-06-1699],[@b26-ijmm-40-06-1699],[@b40-ijmm-40-06-1699]), whereas other studies have demonstrated that the protective role of autophagy protects cells from death during injury ([@b4-ijmm-40-06-1699],[@b11-ijmm-40-06-1699],[@b41-ijmm-40-06-1699]--[@b44-ijmm-40-06-1699]). In previous studies on the role of autophagy in IH encephalopathy, the majority focused on the role of autophagy in IH reperfusion, whereas relatively few focused on the role of autophagy in neuronal permanent IH injury, and the majority of lacked evaluation of autophagic flux. Therefore, in order to assess the role of autophagy in permanent IH injury and assess autophagic flux, evaluation of the autophagic effect on permanent IH injury is required. The present study demonstrated that autophagy was activated with the upregulation of autophagic flux, therefore, in order to further evaluate the change in IH injury by autophagy, IH injury was investigated in further experiments. The autophagy agonist rapamycin and antagonists 3-MA and MHY1485, were used to enhance or inhibit autophagy to assess changes in IH injury parameters, including the expression of pro-inflammatory factors COX2 and HIF-α, the release of LDH and cell viability, to evaluate the role of autophagy in permanent IH injuries. The results showed that autophagy was enhanced with rapamycin administration and the expression of LC3 was increased. The expression levels of HIF-α and COX2 were decreased. Following the administration of 3-MA, the expression of LC3 decreased, and the expression levels of HIF-α and COX2 increased. This revealed that the upregulation of autophagy alleviated inflammation and cell hypoxia, whereas the inhibition of autophagy aggravated inflammation and cell hypoxia, indicating that autophagy has a possible protective role in OGD-induced permanent IH injury. On this basis, the present study aimed to understand how, if autophagic activity is altered, LDH release and cell viability change. It was found that the release of LDH was reduced in the OGD+Rap group, compared with that in the OGD group, and LDH release was increased in the OGD+3-MA group and OGD+MHY1485 group, compared with that in the OGD group. As LDH release is a parameter of cell injury, the results of the present study further confirmed that autophagy had a protective role in OGD-induce permanent IH injury. The results of the MTT assay showed that cell viability was enhanced in the OGD+Rap group, compared with that in the OGD group, and was decreased in the OGD+3-MA group and OGD+MHY1485 group, compared with that in the OGD group. Taken together, it was hypothesized that the upregulation of autophagy had a protective role in OGD-induced permanent IH injury.

Studies have indicated that three factors determine autophagic function, namely the level of activation, the time of induction and whether autophagic flux is impaired or not. A previous study found that, following the administration of the autophagy antagonist 3-MA at different phases, the function of autophagy was distinct. When 3-MA was administered at 24 h following IH reperfusion, autophagy was inhibited and neuron apoptosis was observed; however, when 3-MA was administered at 48--72 h following IH reperfusion, the inhibition of autophagy protected the cells from death ([@b8-ijmm-40-06-1699]). The reason for this may be that autophagy was excessively activated, resulting in a change in the role of autophagy from protective to damaging with the increase in IH reperfusion time. The present study focused on the time frame of 0.5--24 h OGD, and the results of 3-MA administration were similar to the study described above. Therefore, in the present study, the activation of autophagy was moderate, as autophagy was activated within 24 h, therefore having a protective effect. Another study reported that 3-MA administration prior to middle cerebral artery occlusion led to aggregation following IH injury, whereas following preprocessing with rapamycin, the protection was similar to that following high pressure oxygen pretreatment, indicating that autophagy was activated at the early phase and had a protective effect ([@b31-ijmm-40-06-1699],[@b45-ijmm-40-06-1699]). In the present study, the autophagy agonist and antagonist were administered prior to OGD treatment of the cells; therefore, autophagy was activated at the early phase of IH injury, which was similar with the above study. Other studies have reported that whether autophagic flux is damaged or not can determine the function of autophagy ([@b5-ijmm-40-06-1699]). The present study demonstrated that autophagic flux was not damaged and was upregulated. Therefore, according to the results mentioned above, the present study showed that autophagy had a protective effect, which may be associated with the early activation of autophagy, its moderate activation, and that autophagic flux was not damaged.

Wnt/β-catenin signaling pathway moderates autophagy in PC12 cells during IH injury. In mammalian cells, the Wnt/β-catenin signaling pathway has a regulatory role in nervous system development, neuron proliferation and apoptosis. Wnt1 signaling proteins include two types: Wnt1 family and Wnt5a family proteins ([@b46-ijmm-40-06-1699]). Wnt1 family proteins include Wnt1, Wnt3a and Wnt7a, and the Wnt5a family proteins include Wnt4 and Wnt5a. Wnt1 family proteins can activate the canonical Wnt/β-catenin pathway, and it has been shown that it is key in the nervous system and neural cell regulation by improving mitochondrial function and reducing the damage from by 6-hydroxydopamine in SH-SY5Y cells, having a protective effect ([@b47-ijmm-40-06-1699]). It has also been revealed that Wnt1 can mediate neural protection under oxidative stress and ischemic conditions ([@b48-ijmm-40-06-1699]).

Wnt/β-catenin pathway activation and inhibition determines the occurrence of growth-related physiological and pathological processes and development, including maintaining homeostasis under damage/stress conditions ([@b49-ijmm-40-06-1699]). In addition, there is crosstalk between this pathway and other pathways, including the phosphoinositide-3-kinase and receptor tyro-sine kinase pathway, resulting in the Wnt/β-catenin pathway affecting the expression of their downstream proteins ([@b50-ijmm-40-06-1699]). Studies have revealed that the Wnt/β-catenin pathway is involved in multiple neural activities and partial neurodegenerative disease, including neural induction, synaptogenesis, intracephalic neurogenesis, neuron repair and Alzheimer\'s disease regulation ([@b51-ijmm-40-06-1699]--[@b54-ijmm-40-06-1699]). However, one of the primary functions of autophagy is the maintenance of physiological and pathological homeostasis in cells. It has been reported that crosstalk exists between autophagy and the Wnt/β-catenin pathway ([@b55-ijmm-40-06-1699]), however, in permanent IH injury, the regulatory association between autophagy and the Wnt/β-catenin pathway remains to be fully elucidated and warrants investigation.

The present study investigated whether there is crosstalk between Wnt/β-catenin pathway activation and autophagy in OGD-induced permanent IH injury. Representative upstream and downstream proteins of the Wnt/β-catenin pathway were examined, and the results showed that the expression levels of upstream proteins Wnt1 and Wnt3a were gradually increased with increased OGD time, compared with those in the control group. The steady enhancement of their expression indicated that the Wnt/β-catenin pathway began to activate. These results were similar to those of a previous study ([@b56-ijmm-40-06-1699]). However, the expression levels of mid-downstream proteins, Dvl2, β-catenin, C-myc and cyclin D1, were increased from OGD 0.5 h, compared with those in the control group and exhibited a decreasing trend with increased OGD time. These results differed from those of a previous study ([@b57-ijmm-40-06-1699]). This was likely to be associated with autophagy being involved in the regulation of this process. A study by Gao *et al* showed that, in normal conditions, autophagy inhibited the Wnt/β-catenin pathway, predominantly due to LC3 and Dvl2 interacting to increase the degradation of Dvl2 ([@b55-ijmm-40-06-1699]). In the present study, it was demonstrated in permanent IH injury that autophagy was activated from OGD 0.5 h, and exhibited OGD time-dependency. This corresponded with the enhanced expression of Dvl2 at OGD 0.5 h, which reduced gradually with increased OGD time. In the Wnt/β-catenin pathway, the reduction of Dvl2 leads to the combination of Dvl2 and Axin decreasing, which renders the β-catenin degradation complex unable to depolymerize completely in plasma, resulting in a decrease in the activation of downstream proteins ([@b55-ijmm-40-06-1699],[@b58-ijmm-40-06-1699]). The results of the present study revealed the expression of downstream proteins of the Wnt pathway, Dvl2 and β-catenin, were initially increased, compared with those in the control, and then decreased with increased OGD time ([Fig. 4D and E](#f4-ijmm-40-06-1699){ref-type="fig"}). Similar results were observed with C-myc and cyclin D1 ([Fig. 4F and G](#f4-ijmm-40-06-1699){ref-type="fig"}). These results were as expected, and indicated that autophagy likely degraded Dvl2 to negatively regulate the Wnt/β-catenin pathway.

The present study further investigated whether autophagy regulated the Wnt/β-catenin pathway. The autophagy agonist and antagonist were used to regulate autophagic activity, and the expression of the proteins of the Wnt/β-catenin pathway mentioned above were examined to determine whether expression was negatively associated with the degree of autophagic activation. The results showed that the expression of upstream proteins Wnt1 and Wnt3a were increased in accordance with the degree of autophagic activation. The expression levels of Dvl2, β-catenin, C-myc and cyclin D1 decreased as autophagy was upregulated, and their expression levels increased when autophagy was downregulated, which indicated that the expression of downstream proteins of the Wnt/β-catenin pathway were negatively associated with the degree of autophagic activation. It has been reported that β-catenin can become the target protein of autolysosome degradation when autophagy is activated ([@b59-ijmm-40-06-1699]). Others have shown that β-catenin is selectively degraded, according to the formation of a β-catenin-LC3 complex, which attenuates the transcription of β-catenin to the downstream protein TCF and may assist in coping with metabolic stress ([@b60-ijmm-40-06-1699]). Therefore, it was hypothesized that autophagy negatively regulated the downstream proteins of the Wnt/β-catenin pathway to assist in coping with IH stress, with autophagy and the Wnt/β-catenin pathway having protective effects in cells.

In conclusion, the present study revealed that autophagy was upregulated with autophagic flux to protect cells from damage and death following IH. The Wnt/β-catenin pathway was involved in regulation during IH, and autophagy mediated the negative regulation of the Wnt/β-catenin pathway. These findings indicated that the Wnt/β-catenin pathway and autophagy offer potential as therapeutic targets for the treatment of IH neural injury.
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![Autophagy in PC12 cells following IH. (A) Autophagosomes (green) in PC12 cells at various OGD treatment times (LC3 immunolabeling). IH induced autophagy in the PC12 cells. The number of autophagosomes increased with OGD in a time-dependent manner. Scale bar, 30 *µ*m. Expression of (B) LC3-II, p62 and (C) Beclin 1, determined using western blot analysis. The expression levels of LC3-II and Beclin 1 increased in a time-dependent manner, and the expression of p62 decreased in time-dependent manner. Grayscale ratios of LC3-II, p62 and Beclin 1 (target protein/β-actin) are shown in histograms. (D) Expression of LC3-II increased significantly from OGD 6 h in a time-dependent manner, (E) expression of p62 decreased from OGD 0.5 h in a time-dependent manner (F) Expression of Beclin 1 was similar to that of LC3-II. OGD groups differed significantly from the control with time-dependency. \*P\<0.05 and ^\*\*^P\<0.01 vs. control group. Data are expressed as the mean ± standard error of the mean of four independent experiments. IH, ischemia-hypoxia; OGD, oxygen-glucose deprivation; LC3, microtubule-associated protein 1A/1B-light chain 3; Con, control.](IJMM-40-06-1699-g00){#f1-ijmm-40-06-1699}

![Chemical interventions of autophagy and ischemic-hypoxic injury, assessed using immunochemical double labeling. Compared with the control group, expression levels of HIF-α and COX2 were altered by chemical intervention. (A) Chemical intervention altered the expression of HIF-α and autophagosmes. Following autophagy antagonist (3-MA) intervention, expression of HIF-α was enhanced, compared with that in the OGD group, and was decreased by the autophagy agonist, rapamycin. In the MHY treatment group, expression of HIF-α was similar to that in the 3-MA group. (B) Chemical intervention showed changes in the expression of COX2 and autophagosomes. Changes in the expression of COX2 were similar to changes in HIF-α. Scale bar, 30 *µ*m. OGD, oxygen-glucose deprivation; HIF-α, hypoxia-inducible factor-α; COX2, cyclooxygenase 2; 3-MA, 3-methyladenine; RP, rapamycin; MHY, MHY1485.](IJMM-40-06-1699-g01){#f2-ijmm-40-06-1699}

![Statistical analysis of protein expression in different treatment groups following immunoblotting. (A) Expression of LC3, HIF-α and COX2. (B) Quantitative analyses of LC3-II, showed significant difference between the control and chemical intervention groups. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). (C) Quantitative analysis of expression of HIF-α, which showed significant differences between the control and chemical intervention groups. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group (n=4). (D) Quantitative analysis of the expression of COX2, showed a significant difference between the control and chemical intervention groups. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group (n=4). (E) Levels of LDH in were significantly increased in the 3-MA group, compared with the control. ^\*^P\<0.05 vs. control group. Data are presented as the mean ± standard error of the mean of four independent experiments. (F) Cell viability in the chemical intervention groups. Viability was increased in the OGD+RP group, compared with the OGD group, and decreased in the 3-MA and MHY groups, compared with the OGD group. Data are presented as the mean ± standard deviation of four independent experiments. ^\*^P\<0.05 and ^\*\*\*^P\<0.001 vs. control group. OGD, oxygen-glucose deprivation; COX2, cyclooxygenase 2; HIF-α, hypoxia-inducible factor-α; 3-MA, 3-methyladenine; RP, rapamycin; MHY, MHY1485; LDH, lactate dehydrogenase; ns, not significant.](IJMM-40-06-1699-g02){#f3-ijmm-40-06-1699}

![Wnt signaling pathway and ischemic-hypoxic injury over time. (A) Expression levels of Wnt1, Wnt3a, Dvl2, β-catenin, C-myc and cyclin D1 were shown by immunoblotting. Expression levels of (B) Wnt1 and (C) Wnt3a in the OGD groups were increased with time, with significant differences in the OGD groups from 6 h. ^\*\*\*^P\<0.001 vs. control group (n=4). Quantitative analyses showed the expression levels of (D) Dvl2, (E) β-catenin, (F) C-myc and (G) cyclin D1 increased initially compared with those in the control group, and then decreased with increased OGD time. Quantitative analyses of Dvl2 and β-catenin showed there were significant differences in OGD at 0.5 h. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). Quantitative analyses of cyclin D1 and C-myc showed a significant difference between the OGD groups and control group. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). All the target proteins were analyzed quantitatively. Data are expressed as the mean ± standard error of the mean of four independent experiments. OGD, oxygen-glucose deprivation; Dvl2, dishevelled segment polarity protein 2; Con, control.](IJMM-40-06-1699-g03){#f4-ijmm-40-06-1699}

![Wnt signaling pathway and autophagy following chemical intervention. Results of immunoblotting and statistical analysis. (A) Expression levels of Wnt1, Wnt3a, Dvl2, β-catenin, C-myc and cyclin D1 with different chemical interventions. Quantitative analyses of (B) Wnt1 and (C) Wnt3a showed significant differences between the chemical intervention groups and control group. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). Quantitative analysis of (D) β-catenin and (E) cyclin D1 showed significant differences between the chemical intervention groups and control group. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). Quantitative analysis of (F) C-myc and (G) Dvl2 showed there were significant differences between the chemical intervention groups and control group. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control group (n=4). Data are expressed as the mean ± standard error of the mean of four independent experiments. OGD, oxygen-glucose deprivation; Dvl2, dishevelled segment polarity protein 2; Con, control; 3-MA, 3-methyladenine; RP, rapamycin; MHY, MHY1485.](IJMM-40-06-1699-g04){#f5-ijmm-40-06-1699}
